Abstract: Species composition and the vegetation pattern of the understory were investigated in different sized solution sinkholes in a woodland area of the Mecsek Mountains (southern Hungary). Vegetation data together with topographic variables were collected along transects to reveal the vegetation patterns on the slopes, and a species list was compiled for each sinkhole. The results indicate that the vegetation pattern significantly correlates with sinkhole size. In smaller sinkholes, vegetation does not change substantially along the transects; in larger sinkholes, however, vegetation inversion is pronounced. We also found that sinkhole size clearly influences the number of vascular plant species, in accordance with the well-known relationship between species number and area. In the forest landscape, many medium-sized and large sinkholes have developed into excellent refuge areas for glacial relicts, mountain, and wet-woodland plant species.
INTRODUCTION
Climate-induced species extinction has become a major topic in conservation biology. Articles and books focusing on climate change have appeared (e.g., Iverson and Prasad, 1998; Sagarin et al., 1999; Cowie, 2007) , and a rapidly increasing amount of information is available about current and potential refuge areas (e.g., Kö hn and Waterstraat, 1990; Schindler et al., 1996; Sheldon et al., 2008) where many species may survive unfavorable regional environmental conditions. During glacial periods, a major part of Europe was largely covered by cold habitats, and only cold-adapted species were able to survive under these extreme conditions (Habel et al., 2010) . However, after glacial retreat, sites with cold and humid climates became important to preserving glacial relicts and high mountain and mountain species, mainly in lower mountain and hill ranges.
On a global scale, extensive karst limestone bedrock plays an important role in the preservation of rare, endangered, or specialized species (e.g., Christiansen and Bellinger, 1996; Wolowski, 2003; Judson, 2007; Lewis and Bowman, 2010) . Karst landforms like caves, wells and sinkholes (also known as dolines) determine the geomorphologic, microclimatic, and vegetation features of karst surfaces and influence the karst aquifer system. Moreover, caves and wells are hotspots of subterranean biodiversity (Culver and Sket, 2000; Elliott, 2007) ; sinkholes preserve relicts (Horvat, 1953; Lazarević et al., 2009) , high mountain, mountain, (Beck v. Mannagetta, 1906; Horvat, 1953; Pericin and Hü rlimann, 2001; Dakskobler et al., 2008) and endemic (Egli et al., 1990; Brullo and Giusso del Galdo, 2001; Ö zkan et al., 2010) species, and, in many cases, they are an important source of knowledge about vegetation history. For example, Dracocephalum ruyschiana, a glacial relict in the sinkhole flora of northern Hungary, indicates a former periglacial climate (Kirá ly, 2009 ), but some high mountain elements (e.g. Lilium martagon subsp. alpinum, Ribes alpinum) also occur in the low-lying sinkholes (between 400 and 600 masl) of the area (Szmorad, 1999; Vojtkó , 1997) .
Understanding the patterns of sinkhole vegetation requires an understanding of the surrounding vegetation patterns. According to Horvat (1953) , the cool and humid microclimate of sinkholes may affect their flora and vegetation in two different ways. In many cases, thermal inversion leads to an inversion of surrounding vegetation zones. On the other hand, edaphic vegetation types may also appear on the bottom of sinkholes under special ecological conditions (Egli, 1991; Bá tori et al., 2009) . From an ecological point of view, the latter is more important, as it may provide primary habitats for many species absent in the surrounding vegetation.
The purpose of the present study is to determine and compare the vegetation pattern and species composition in solution sinkholes of the sub-Mediterranean part of Hungary with regard to sinkhole size and to offer some useful explanations for their role in nature conservation. The following questions are addressed: (i) What is the extent of vegetation inversion in different-sized sinkholes in a woodland area? (ii) How does the extent of refuge areas change with sinkhole size? (iii) How many relict, mountain, and wet-woodland plant species can be found in the different sized sinkholes?
METHODS
The study was carried out in the karst area of 30 km 2 in the Mecsek Mountains (southern Hungary), near the city of Pécs (Fig. 1) . On the karst surface, there are more than two thousand sinkholes located between 250 and 500 m above sea level (Fig. 2) . The formation of these depressions started during the Pleistocene, and it is still intensive due to the abundant precipitation on the fissured bedrock underlying the woodland. The diameter of the largest sinkhole is over 200 m and its depth exceeds 30 m (Lová sz, 1971), but more than fifteen hundred of these sinkholes are quite small (diameter , 20 m). The sinkhole density of this area is extremely high, with the maximum of 380 sinkholes per km 2 . These depressions are in primitive stages of development, shown by their steep slopes and a funnel-like form (Hoyk, 1999) .
The average annual rainfall of the study site exceeds 700 mm, with considerable interannual variation. Due to the sub-Mediterranean climate, the monthly maximum values occur during summer and autumn (May and June 77 mm, October 72 mm). The annual mean temperature is about 8.8 uC, with the highest monthly mean temperature of 19.3 uC in July. Winters are moderately cold with 21.1 uC mean temperature from December to February (Á dám et al., 1981) .
Sub-Mediterranean type, middle-aged (70 to 110 years old) mixed-oak and beech forests dominate the present vegetation of the plateaus and slopes of the study site. The most important Atlantic-Mediterranean, sub-Mediterranean, and Mediterranean plants include Aremonia agrimonoides, Asperula taurina, Helleborus odorus, Lathyrus venetus, Luzula forsteri, Potentilla micrantha, Rosa arvensis, Ruscus aculeatus, Ruscus hypoglossum, Scutellaria altissima, Tamus communis, and Tilia tomentosa. Hotspots of mountain species of the area can be found in the forests of the deep, humid, and rocky ravines and valleys.
Our surveys were conducted between 2006 and 2011 from early June to mid-September on the karst surface of the Mecsek Mountains. Sinkholes were selected in sites that did not show signs of recent wood-cutting. Sinkholes ranked by diameter are identified with capital letters from A to T (Table 1) .
Transects for sampling understory were established across the twenty sinkholes in a north-south direction, passing through the deepest point of the depressions. Transects consisted of series of 1 m square contiguous plots. In the larger sinkholes, the transects were 2 m wide, with individual plots side-by-side along them. In the smaller sinkholes, only a 1 m wide series was surveyed. Percentage cover of each vascular plant species was estimated visually in the plots. Furthermore, a flora list for each sinkhole was completed by a systematic search through the total area of the sinkhole. The total area included the area of the slopes (where the slope angle was over 10u) and the area of the edges, an approximately 1 to 5 m wide strip around the smaller sinkholes, and an approximately 10 to 20 m wide strip around the larger sinkholes where the slope angle was less than 10u. For comparison, 405 1 m square plots were randomly taken from the three habitat types, mixed-oak forests, beech 
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forests, and forests in the deep ravines and valleys (called ravine forests below), occurring in the neighborhood of the sinkholes. We studied a total of 4017 plots on the karst of Mecsek Mountains: 3612 plots in sinkholes and 405 plots in their surroundings. A total of 251 vascular plant species were included in the analyses. In addition, the diameter and depth of the sinkholes were measured (Table 1) . Plant species were named according to Simon (2000) .
Diagnostic (or differential) species include species with high occurrence within a given vegetation type (or within some vegetation types) and low occurrence in other vegetation types. Diagnostic species of the different forest types surrounding the sinkholes were determined by statistical fidelity measures (Chytrý et al., 2002) . The phi coefficient (W) for all species was computed with the JUICE 7.0.25 program (Tichý, 2002) . This coefficient ranges from 21 to 1, but for convenience, it is multiplied by 100 in the program. The highest phi value of 1 is achieved if the species occurs in all plots of the target vegetation type and is absent elsewhere. For the comparison of mixed-oak forests, beech forests, and ravine forests (405 total plots), we used the W $ 0.1 threshold (Fisher's exact test, p , 0.05) during analyses. The classified data set contained only site groups of equal size (135 plots for each group). In this scale, fidelity measurement resulted in three groups of diagnostic species in the understories of the mixed-oak forests, the beech forests, and the ravine forests (Table 2) . Finally, we classified each 1 m square plot along the sinkhole transects into plot types with the use of the diagnostic species groups. For example, if the number of diagnostic species of the ravine forests was the highest in the target sinkhole plot, we considered it a plot dominated by ravine forest species. Hence, this method resulted in five sinkhole-plot types: plots dominated by ravine forest species, plots dominated by beech forest species, plots dominated by mixed-oak forest species, transitional plots, and empty plots. Transitional plots were those which were dominated by an equal number of diagnostic species of two or three groups. Empty plots did not contain any plant species. From an ecological point of view, plots dominated by ravine forest species can be considered potential refuge areas for many species adapted to cool and moist habitats (e.g., Fig. 3 ). Moreover, field observations were performed to verify the result of fidelity measurement.
Species-area relations were assessed for all plant species, as well as for the group of relict, mountain, wet-woodland species and other diagnostic species of the ravine forests. In this study, twenty sinkholes, representative of sinkholes of all sizes, were included in the species-area analyses.
RESULTS
The number of 1 m square plots dominated by ravine forest species generally increased with sinkhole size (Fig. 4 ; Table 3 ). In the small and shallow sinkholes A to G, only plots dominated by beech forest and mixed-oak forest species were found. In contrast, in larger sinkholes, the lower parts of the slopes were covered mainly by plots dominated by ravine forest species; while the upper parts of the slopes were covered by plots dominated by beech forest or mixed-oak forest species. In some sinkholes, the proportion of mixed-oak forest species was very high on the edges and south-facing slopes. Accordingly, vegetation inversion was pronounced, especially in the case of sinkholes N, S, Q, and T, followed by a gradual change in floristic composition.
Of the forty-one diagnostic species of the ravine forests found, five were mountain species, ten were wet-woodland species, and twenty-six were other diagnostic species (e.g., gap-species) ( Table 2 ). In addition, a glacial relict (Stachys alpina), six other mountain species (Actaea spicata, Aruncus sylvestris, Dryopteris affinis, Dryopteris dilatata, Dryopteris expansa, and Polystichum 3 bicknelli), and six other wetwoodland species (Deschampsia caespitosa, Eupatorium cannabinum, Festuca gigantea, Lycopus europaeus, Rumex sanguineus, and Solanum dulcamara) were found in the ravine forests, although they were not diagnostic according to the test.
The relationship between sinkhole size (log 10 transformed) and species number (log 10 transformed) is shown in Fig. 5 . When all species were considered, the correlation between species number and sinkhole size was positive and significant (R 2 5 0.9302, p , 0.001). For example, the highest number of species (141) was found in the largest sinkhole (T), while the lowest number of species (23) was found in two of the smallest sinkholes (A and C) ( Table 3 ). The result was basically the same if only the group of relict, mountain, wet-woodland species and other diagnostic species of the ravine forests was considered (R 2 5 0.9006, p , 0.001). From a floristic point of view, sinkholes R and T were the most important, because they contained the highest number of both relicts and mountain species (R: Dryopteris affinis, Dryopteris expansa, Dryopteris dilatata, Polystichum aculeatum, Polystichum 3 bicknelli and Stachys alpina; T: Aconitum vulparia, Actaea spicata, Asplenium scolopendrium, Dryopteris affinis, Polystichum aculeatum, Polystichum 3 bicknelli and Stachys alpina). 
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Studying the ecological conditions, vegetation pattern, and species composition of karst depressions may provide important information for the conservation and management of karst surfaces. Many studies in vegetation science have focused on the large-scale vegetation patterns of karst forms (e.g. Lausi, 1964; Bá tori et al., 2009 ), but only relatively few studies deal with the fine-scale vegetation pattern of sinkholes and the use of transects to reveal them (e.g., Gargano et al., 2010) . In our study, the species composition and vegetation pattern of solution sinkholes were analyzed in relation to sinkhole size in a subMediterranean woodland area of Hungary. The vegetation pattern of sinkholes can be summarized and the questions posed in the Introduction can be answered as follows.
(i) Vegetation inversion is a well known phenomenon in karst depressions (Beck v. Mannagetta, 1906; Lausi, 1964; Horvat, 1953; Favretto and Poldini, 1985) . In Hungary, south-facing slopes receive much more solar radiation, and thus, are warmer than north-facing slopes (Jakucs, 1977) . In smaller sinkholes of the study site, the vegetation pattern does not change substantially along the transects, and the slopes are floored by vegetation characteristic only of beech forests or mixed-oak forests. In contrast, south-facing slopes in larger sinkholes are dominated by mixed-oak forests or beech forests, north-facing slopes by beech forests, and the bottom of sinkholes by ravine forests. Vegetation inversion is well pronounced only in the largest sinkholes, where beech forest vegetation replaces that of mixed-oak forests on the deeper parts of the slopes. This phenomenon was also confirmed by field observations. Similar results were published by Bá tori et al. (2009, 2011) in different scales. (ii) Climate change has already produced and will continue to produce numerous shifts in the distributions of species (Walther et al., 2002) , which highlights the role of current and potential refuge areas. A prominent finding in our study is that the low-lying sinkholes (250 to 500 masl) of the Mecsek Mountains provide good refuge areas for many species adapted to cool and moist habitats. This is a consequence of the morphologic characteristics of karst depressions, which strongly determine both abiotic (e.g., air humidity, air temperature, soil moisture) and biotic (e.g., vegetation pattern) parameters of sinkholes (see also, Geiger, 1950; Antonić et al., 1997; Bárá ny-Kevei, 1999; Antonić et al., 2001 , Whiteman et al., 2004 Gargano et al., 2010) . Table 3 . Total number of plant species and cool-adapted species of various types, as well as the number of plots dominated by ravine forest species for the sinkholes, which increase in size from A to T. beech and mixed-oak forests. According to the wellknown species-area relationship (Arrhenius, 1921) , species number is related to area by the function S 5 CA z , where S is species number, A is area of island, and C and z are positive constants. C and z constants were calculated by linear regression on the logarithmic form of the equation, log S 5 log C + z log A, where log C represents the y-intercept and z the slope. When all species of the studied sinkholes are considered, the z value is 0.26, which is in good agreement with the z values received for many oceanic and habitat islands (z 5 0.20 to 0.35) in island biogeography (MacArthur and Wilson, 1967; Simberloff and Abele, 1976; Begon et al., 2005) . In contrast, when only the group of relict, mountain, wet-woodland species and other diagnostic species of the ravine forests is considered, the z value is considerably higher (z 5 0.45). According to Rockwood (2006) , z values larger than expected arise when islands have a large habitat diversity and are more or less isolated. For example, Culver et al. (1973) found a relatively high z value for terrestrial invertebrates in caves (z 5 0.72), Trejo-Torres and Ackerman (2001) for endemic orchid species on geologically diverse montane islands (z 5 0.68), and Brown (1971) for small boreal mammals on isolated mountaintops (z 5 0.43). Accordingly, our results suggest that the habitat topography of large sinkholes is complex and the extent of cool and moist habitats considerably increases with sinkhole size (Fig. 4) , so larger sinkholes may preserve many more vascular plant species adapted to cool and moist habitats than smaller sinkholes.
Therefore, conservation management must focus on protecting habitats of larger sinkholes and their surroundings in the Mecsek Mountains. This management should include establishing a buffer zone around all sinkholes, in accordance with the proposal of the Forest Sinkhole Manual (Kiernan, 2002) . Z. BÁ TORI, L. KÖ RMÖ CZI, L. ERDŐ S, M. ZALATNAI, AND J. CSIKY
